Cigarette smoke (CS) is known to cause cancer and other diseases, but little is known about the global molecular and cellular changes that occur prior to the appearance of clinically detectable symptoms. Using DNA microarrays covering 2031 cDNA probes, we investigated differential gene expression in tissues of the rat respiratory tract, i.e., respiratory nasal epithelium (RNE) and lungs of rats exposed either acutely (3 h) or subchronically (3 h/day, 5 d/week, 3 weeks) to mainstream CS with sacrifice either immediately or at 20 h after exposure. Differential gene expression was most evident in RNE of rats exposed once and was characterised by strong up-regulation of genes encoding oxidative stress-responsive and Phase II drug-metabolising enzymes, such as haem oxygenase-1 and NAD(P)H:quinone oxidoreductase, which are all, at least in part, transcriptionally regulated by NF-E2-related factor 2 (Nrf2). After 3 weeks of exposure, the strength of expression of this class of genes was markedly reduced, pointing to an adaptive response. The generally lower response in the lungs of exposed rats is indicative of a deposition gradient of active smoke constituents from the upper to the lower respiratory tract. In sharp contrast to the CS-induced expression of oxidative stress and Phase II-responsive genes, induction of the genes encoding the Phase I drug-metabolising enzymes CYP1A1 and aldehyde dehydrogenase-3 was not reduced after 3 weeks of exposure and was similarly high in lungs and RNE. Gene expression patterns in rats allowed to recover for 20 h showed that the CS-induced transcriptional changes observed immediately after exposure returned almost completely to normal, even after 3 weeks of repeated CS exposure. In general, these results demonstrate that CS induces a specific differential gene expression pattern in vivo, which may be instrumental in identifying the molecular mechanisms leading to the onset of inflammatory and/or morphological changes.
Introduction
There is compelling evidence that cigarette smoking causes cancer and other diseases, such as cardiovascular disease and chronic obstructive pulmonary disease (COPD) (1) (2) (3) . However, little is known about the molecular and cellular processes that occur prior to the appearance of clinically detectable symptoms. Previous studies (mainly in vitro) revealed that cigarette smoke (CS) induces significant differential changes in the expression of stressresponsive genes, such as haem oxygenase-1 (ho-1), c-myc, c-jun, c-fos, and genes encoding heat shock proteins (HSPs) in cells of various cell lines (4-7).
In particular, the expression of the proto-oncogene c-fos as a paradigmatic stress reporter gene has been used to evaluate in mechanistic terms the stress signalling activities inherent to aqueous solutions bubbled with CS (5) . As demonstrated in cultured murine Swiss 3T3 fibroblasts exposed to subcytotoxic doses of aqueous extracts of CS, c-fos becomes expressed because of the CS-dependent formation of the strong oxidant peroxynitrite (8) , which is the reaction product of nitric oxide (NO•) and superoxide (O 2 ‾•). This conclusion was drawn from experiments in which the preparation of aqueous extracts of CS was performed in the presence of either the nitric oxide scavenger oxyhemoglobin or the superoxideinactivating enzyme superoxide dismutase (SOD), both of which specifically prevented c-fos mRNA formation in exposed cells (8) . Because the calculated peroxynitrite concentration potentially formed by CS in aqueous solution was not sufficient to explain the c-fos inducing effects, CS-related aldehydes, such as formaldehyde, acetaldehyde and acrolein, were identified as agonists in the CS-dependent c-fos expression by peroxynitrite. These aldehydes were shown to share peroxynitrite's propensity to efficiently deplete the intracellular glutathione (GSH) concentration (9) , which is obviously a prerequisite for enabling peroxynitrite to interfere with specific target molecules in the activation of stress signal transduction and gene expression in CS-treated cells, at least in vitro.
Although these investigations have improved our understanding of the potential contribution of smoke-related chemical compounds in CS-induced cellular stress, they do not provide any information on overall changes in gene expression in exposed cells, which is subject to different signalling pathways addressing various sets of target genes. In fact, our knowledge is especially fragmentary regarding the global changes of gene expression patterns in cells of target tissues and organs exposed to CS, global changes which probably represent the first and most likely fully reversible step in the development of CS-related diseases. This knowledge gap was recently addressed experimentally by applying DNA chip technology to cultured murine fibroblasts exposed to subcytotoxic doses of aqueous extracts of CS (10) . Results from this study showed the orchestrated, fine-tuned up-regulation of genes encoding proteins known to combat oxidative stress. This includes genes such as those encoding HO-1, HSPs, and metallothioneins (MTs) as well as genes whose protein products have been implicated in the transcriptional regulation of oxidative stress response genes, e.g., CAAT/Enhancer Binding protein- and JunB. In addition, this study showed the differential up-regulation of genes coding for proteins bearing cell cycle regulatory functions, such as Growth Arrest and DNA Damage (GADD) 34 and GADD 45. A special feature of this experiment was the significant up-regulation of genes described as mediators of an inflammatory/immune regulatory response, e.g. st2, kc, and id3, thus demonstrating the proinflammatory qualities of CS in an in vitro cell culture system.
In this publication, we report on the extension of our gene expression studies of CS-exposed cells to the in vivo situation. Male Sprague-Dawley rats were exposed to 100 µg total particulate matter (TPM)/l smoke from the University of Kentucky Reference Cigarette 2R1 for either a single exposure 3 h (acute) or repeated exposure over 3 weeks (3 h/day, 5 d/week; subchronic) with and without a 20-h recovery period before sacrifice. Gene expression profiling using microarrays carrying more than 2000 cDNA probes revealed a distinct pattern of differentially expressed genes in the tissues investigated, i.e., respiratory nasal epithelium (RNE) and lung, from rats sacrificed immediately after final exposure.
Special features of this pattern are an apparent adaptive response for genes encoding oxidative stress-related and Phase II drug-metabolising enzymes and the paramount upregulation of cytochrome P4501A1 (cyp1a1) in cells of these tissues from exposed rats. In contrast, tissues from rats sacrificed after 20-h recovery showed that nearly all changes observed immediately after exposure had reversed to control levels. In addition, in the course of these investigations, we identified a novel gene strongly related to RELM/FIZZ1 ("resistin like molecule "/"found in inflammatory zone"), which was originally found to be expressed mainly in lung (11) . Notably, this novel gene, termed RELM, which is characterised in detail elsewhere (12) , was identified as the strongest repressed gene in the nose of exposed animals. Altogether, this acute/subchronic study shows that the analysis of differential gene expression in vivo is useful to detect CS-specific stress responses prior to the onset of inflammatory and/or morphological changes. 
Material and Methods

Cigarettes and cigarette smoke generation
The Reference Cigarette 2R1 was obtained from the Tobacco and Health Institute at the University of Kentucky. The cigarettes were conditioned according to ISO standard 3402 (13) and smoked in basic conformity with ISO standard 3308 (14) . Mainstream smoke was generated on a 30-port INBIFO smoking machine (Type SM85, Philip Morris Research Laboratories GmbH, Germany) equipped with a 4-piston pump (15) .
Mainstream smoke was diluted with filtered, conditioned air to a target concentration of 100 µg TPM/l. To monitor the stability and reproducibility of smoke generation, TPM (100 ± 6 µg/l), CO (51 ± 4 ppm), nicotine (5.93 ± 0.70 µg/l), aldehydes (formaldehyde: 0.16 ± 0.06 µg/l; acetaldehyde: 0.50 ± 0.10 µg/l; acrolein: 4.18 ± 0.57 µg/l) and particle size distribution (mean mass aerodynamic diameter: 0.55 µm; geometric standard deviation: 1.66) as well as temperature and relative humidity in the exposure chambers (within standard limits) were determined (16) .
Animals and exposure
Care and use of the rats was in conformity with the American Association for Laboratory Animal Science Policy on the Humane Care and Use of Laboratory Animals (17) . Outbred male Sprague-Dawley rats (Crl:CDBR) were obtained from Charles River Germany. The rats were approximately 5 weeks old at arrival and were acclimatised for 5 days prior to exposure. Histopathological evaluation and serological screening confirmed the good health status of the rats at the beginning of the study (16) .
Four rats per group were exposed in whole-body chambers to diluted mainstream smoke (100 µg TPM/l) or to conditioned fresh air (control) either once (3 h) or for 3 weeks (3 h/day, 5 d/week) and sacrificed either immediately or after a 20-h recovery period. No significant body weight effects were seen during the 3-week inhalation period.
RNA extraction from respiratory tissues
Lung tissue was frozen in liquid nitrogen immediately after the dissection and stored at -70 °C. For total RNA preparation, approximately 100 mg frozen tissue was homogenised in RLT buffer with -mercaptoethanol (-ME) (Qiagen, Hilden, Germany). RNE was homogenised immediately after the preparation in RLT buffer with -ME. Further purification of total RNA from both tissues was done according to the manufacturer's manual (RNAeasyKit, Qiagen). Equal amounts of RNA from the 4 animals per group were pooled, DNase I digested and extracted with phenol/chloroform. Qualitative integrity tests and quantitative measurements of purified total RNA were done with a spectrophotometer and capillary electrophoresis using the Bioanalyser 2100 system (Agilent Technologies, Palo Alto, Ca, USA).
RNA amplification and labelling
Linear amplification of RNA was done using a modified protocol of a method described previously (10, 18) . Amplified RNA (aRNA) samples were quantified by spectrophotometry and quality was checked by gel electrophoresis (Bioanalyser 2001, Agilent). Two micrograms of aRNA from CS-exposed and unexposed rat tissues were labelled by reverse transcription with Cy5 and Cy3 fluorescence, respectively, and subjected to a customised PIQOR TM microarray consisting of 2031 stress-relevant rat cDNAs. cDNA array production cDNA array production was done essentially as described previously (10, 12) . In short, defined 200-400 bp fragments (19) (20) .
Array hybridisation and data analysis Hybridisation, scanning and data analysis were performed as described in detail (10, 12) . Briefly, image capture and signal quantification of hybridised PIQOR TM cDNA arrays were done with the ScanArray3000 (GSI Lumonics, Watertown, MA, USA) and ImaGene software Vers. 4.1 (BioDiscovery, Los Angeles, CA, USA). Normalised ratios are shown as Cy5 signal intensity divided by Cy3 signal intensity. For linear scaling, ratios with values less than 1 were treated in the following way: (1/ratio) x -1. Therefore, -1 and +1 values are considered equal. Cluster analysis was carried out using Spotfire  software (Göteborg, Sweden).
Real-time RT-PCR
Two µg of aRNA were reverse transcribed and 4 ng of the RT-reaction product were used as template for further analysis. Transcript levels were measured by real-time quantitative RT-PCR using ABI 7000 SDS (PE Applied Biosystems, Foster City, CA) as described earlier (12) . The sequences of forward and reverse primers as designed by Primer Express (PE Applied Biosystems) using the region of the corresponding array cDNA fragment as a template were aldh3: forward 5'-CTCTGTTGAATGAAGAAGCTCACAA -3' and reverse 5'-TAAGCCAGGATGAGGCTCCAT-3', cyp1a1: forward 5'-AGGCTCAACTGTCTTC CAACATG-3' and reverse 5'-TGCAAGGACAAGGAGACCTTGT-3', ho-1: forward 5'-AACACAAAGACCAGAGTCCCTCAC-3' and reverse 5'-GATGAACTAGTGCTGATCT GGGATT-3', nqo-1: 5'-AAATGGCATCCAATCCTCCA-3' and reverse 5'-AAGTTAGTCCCTCAGCCATTGTTT-3'. Real-time PCR experiments were performed in triplicate with at least 2 independently isolated RNA samples. As microarray analysis and triplicate Taqman assays using independent RNAs confirmed that transcript levels of GAPDH did not vary significantly, GAPDH was used to normalise TaqMan data. 
Results and Discussion
Concept of the study and general overview of expression profiles
Male Sprague Dawley rats were exposed to mainstream CS (100 µg TPM/l; University of Kentucky Reference Cigarette 2R1) by applying an acute/subchronic CS inhalation study design in order to closely compare the emerging data with those obtained from a previous microarray study performed in vitro using CS-exposed 3T3 fibroblasts (10) . The rats were either exposed once for 3 h (acute), or for 3 weeks (3h/day, 5d/week; subchronic) and were sacrificed immediately after the exposure. In order to get a rough insight into the duration of differential gene expression induced by CS exposure in vivo, another 2 groups of rats were treated in the same way but were sacrificed after a recovery period of 20 h after the final exposure.
For quantification, fluorescence derived from microarrays hybridised in parallel to control ('Cy3'-labelled) and exposed ('Cy5'-labelled) cDNA samples were 'overlayed' and analysed (see 'Materials and methods') identifying up-regulated genes by red fluorescence, while green fluorescence reflects genes that become suppressed by CS exposure. The mean number of genes yielding a distinct signal during analysis was 841, differing between 756 and 1077 (Table I) , with no detectable differences between samples generated from rats with and without a recovery period. However, the number of genes differentially expressed by more than 2-fold was considerably higher in the groups of rats sacrificed immediately after final exposure. The most strongly differentially expressed gene identified was cyp1a1, which was induced 176-fold in the lung and 142-fold in the RNE of rats exposed for 3 weeks with no recovery. For a complete overview of differential gene expression in all tissues analysed, see 'supplementary material' under http://www.memorec.com.
Cluster analysis, using a hierarchical clustering algorithm method to group genes on the basis of similarity in the pattern with which their expression varied over all groups of exposed rats (21) revealed a dendogram, which on its horizontal axis shows a clear separation into 2 subgroups, identifying the recovery period as the most influencing experimental parameter, i.e. genes can be clearly allocated to tissues from exposed rats with recovery (right-hand side) or without recovery (left-hand side) (the most relevant section of the dendogram comprising most of the Phase I and Phase II drug metabolising genes is shown in Figure 1 ; the complete dendogram with gene annotations is part of 'supplementary material'). Tissues of exposed rats without recovery generally show a similar pattern of induced genes, whereas the corresponding genes in the tissues of exposed rats with recovery are mostly unchanged compared to controls. This finding clearly indicates that exposure over 3 weeks is not sufficient to induce persistent alterations in the gene expression pattern of CS-exposed rats.
On the vertical axis of the dendogram (Figure 1 ), the intensity of fluorescence reflects the strength of gene expression within the different tissues. In this respect, RNE from rats treated once for 3 h without recovery showed the strongest differential gene expression rates, followed by the RNE and lung tissue from rats exposed for 3 weeks without recovery. However, it is worth noting that the lung tissue shows a broader overall spectrum of differentially expressed genes on the basis of a 2-fold induction/repression evaluation (Table I) .
In order to check the validity of the current microarray experiment, 4 genes found to be differentially expressed in lung and RNE, i.e., cytosolic class-3 aldehyde dehydrogenase (aldh3), cyp1a1, ho-1, and NAD(P)H:quinone oxidoreductase (nqo1) were selected and their expression analysed by real-time RT-PCR ( Figure 2 ). The specificity of the corresponding RT-PCR products was documented by high-resolution gel electrophoresis and melting curve analysis. The product-specific melting curves showed only single peaks and no primer-dimer peaks (data not shown). In quantitative terms, microarray data correlated with the results obtained from the real-time RT-PCR experiment with the only exception of nqo-1 expression after 3 weeks of repeated exposure ( Figure 2 ).
Effects of CS inhalation on the expression of genes encoding oxidative stress-related and Phase II drug metabolizing enzymes in tissues of the respiratory tract
Our previous cDNA microarray analysis on gene expression in CS-exposed cultured 3T3 fibroblasts showed a strong antioxidant response including the up-regulation of oxidative stress defensive genes encoding HO-1, HSPs and MT I/II (10) . In the present in vivo study, a distinct pattern of antioxidant gene expression was also observed, predominantly in RNE, although this response was confined to the groups with no recovery (Table II, Figure 3 ). As seen with CS-exposed 3T3 fibroblasts (10), the antioxidant response in vivo was hallmarked by the up-regulation of ho-1, which was found to be significantly induced in both tissues from CS-exposed rats without recovery (Table II, Figure 3 ). HO-1 catalyses the initial steps in haem catabolism, eventually leading to the formation of biliverdin and bilirubin, both of which are powerful antioxidants (22, 23) . The 'HO-1 pathway', which represents a prime defense tool in protecting the cell from stress-dependent adverse effects mainly induced by reactive oxygen and/or nitrogen species, requires the parallel expression of ferritin, in order to protect the cell from oxidative stress due to the HO-1-dependent release of 'free' iron (24) . In fact, a slight but obvious induction of ferritin was observed in both exposed tissues (see 'supplementary material'), which is consistent with data reported for CS-exposed cells in vitro (10) . With regard to the considerably lower expression of ferritin in comparison to ho-1 expression, it should be noted that every ferritin molecule may sequester up to 4500 iron atoms (25) .
From the data shown in Figure 3 , it is evident that the strength of ho-1 expression differs enormously between the various tissues: up-regulation of this gene in RNE was found to bẽ 20-fold greater in comparison to the lung. As this effect was consistently observed for almost all other genes found to be differentially expressed, with the remarkable exception of genes coding for Phase I-metabolising enzymes (see below), this phenomenon is a strong indication that there is a deposition gradient of (stress) gene-inducing CS compounds from the upper to the lower respiratory tract. Although the identity of these compounds remains to be determined, possible candidates might be aldehydes and (poly-)phenolic components of the TPM fraction, such as hydroquinone and catechol, which are known to release reactive oxygen species in aqueous solution (26) . However, it should be stressed that the apparent deposition gradient is effectively cleared within 20 h, even in rats repeatedly exposed for 3 weeks, as evidenced by the fact that the differential gene expression seen for ho-1 and nearly all other genes in CS-exposed rats without recovery, was not seen in exposed rats with 20-h recovery (see Tables II and Table III and 'supplementary material').
Although the ho-1 promoter is equipped with multiple cis-elements addressed by various types of transcription factors such as AP-1, STAT3 and NF-B (for review, see (27) ), the (oxidative) stress-induced expression of ho-1 (28) and also of ferritin (29) has been demonstrated to be dependent mainly on the transcriptional activation mediated by the interaction of the transcription factor NF-E2-related factor 2 (Nrf2) and the antioxidant response element (ARE) in the promoter of the enzyme's gene. In fact, 3T3 fibroblasts stably transfected with a dominant negative mutant of nrf2 lose most of their ho-1 inducibility when exposed to aqueous extracts of CS (S. Gebel and T. Müller, in preparation). In the noninduced state, Nrf2 is sequestered in the cytosol by the actin-binding cysteine-rich protein Keap1 (30) . Upon activation by a mechanism that is not yet completely understood, Nrf2 translocates to the nucleus and, by binding to ARE, induces the expression of a whole plethora of stress responsive genes including those coding for Phase II-detoxifying enzymes (for review, see (31) ). Thus, it is not surprising that in addition to ho-1, the Phase II-related genes nqo1, -glutamyl-cysteine-synthetase (gcs) and genes encoding various isozymes of UDP-glucuronosyltransferases (UGTs) also become significantly activated at least in the RNE of CS-exposed rats (Table II) . The nrf2 gene itself was found to be only slightly affected in both CS-exposed tissues (Table II) indicating that Nrf2 is sufficiently present in target cells. This interpretation is conceivable because Nrf2 as a stress signal-transducing transcription factor needs to be available for immediate function.
Phase II-related genes such as gcs and nqo1 are induced by (poly-)phenolic compounds and electrophiles via the Nrf2 signaling pathway (31, 32) , suggesting that CS-dependent radicals derived from catechol and/or hydroquinone via Fenton chemistry (33) are strong candidates as triggers for a Phase II response in CS-exposed tissues. Enzymes encoded by gcs and nqo1 are involved in the detoxification of (poly-)phenolic compounds and harmful by-products of oxidative stress, such as lipid and DNA base hydroperoxides as well as quinones (26) . In particular, the induction of GCS, which is the rate-limiting enzyme in GSH synthesis, results in the replenishment of a decreased GSH pool, which has been reported to appear immediately following CS exposure both in vitro (9) and in vivo (34) . Although gcs and nqo1 were not included on the DNA chip used to evaluate the transcriptional response in CS-exposed 3T3 cells (10), the dramatic decrease in intracellular GSH followed by a rapid increase in the amount of this endogenous antioxidant molecule (9) shows that gcs must also have become strongly induced in these cells. This interpretation is corroborated by a strong increase in gcs expression in these cells upon exposure to TPM (S. Gebel and W. Schlage, unpublished results). Other genes coding for enzymes known to be involved in GSH-dependent detoxification reactions, e.g. GSH-S-transferases, were also induced, mainly in RNE, although to a lesser extent than gcs (see 'supplementary material'). The trend seen for an increased nasal GSH-conjugating activity is further reflected by the upregulation of genes, known to be involved in GSH homeostasis, such as neutral amino acid transporter A (satt) and -glutamyl-transpeptidase (gt1) ( Table II ).
An interesting aspect of the present study is that in the lungs of CS-exposed rats without recovery, nqo1 is the most strongly induced Phase II-related gene showing even stronger expression rates than ho-1 (Table II; Figure 3 ). Intriguingly, beyond its enzymatic function to catalyse the obligatory 2-electron reductions of quinones to hydroquinones, which protects cells from damage induced by redox cycling (for review, see (35) ), NQO1 has been reported to stabilise the tumour suppressor protein p53, especially under induction of oxidative stress (36, 37) . Thus, in addition to its basic antioxidant function, the rather strong activation of nqo1 in the lungs of CS-exposed rats may be instrumental in the efficient stabilisation of p53, which has been suggested to play a crucial role in the prevention of CS-dependent lung cancer (38) .
Other Phase II-related genes which were found to be significantly up-regulated in the nose by CS inhalation are 3 members of the UGT enzyme family (for review see, (39)), i.e., genes encoding the isoforms 1A6, 1A7, and 2B12 (Table II) . In general, genes coding for UGTs are also controlled, at least in part, by Nrf2 (40, 41) . UGTs are efficient tools for clearing the cell of many lipophilic xenobiotics and endobiotics by catalysing the glucuronidation of the glycosyl group of a nucleotide sugar to an acceptor compound at a nucleophilic functional group resulting in the formation of a -D-glucuronide. This reaction gives rise to a more water-soluble compound, which can be eliminated more easily (39) .
A critical issue emerging from the current study is related to the phenomenon that all CSinduced oxidative stress-and Phase II-related genes, which are presumptively regulated by Nrf2, show significantly (2-to 5-fold) decreased expression rates after multiple exposures over 3 weeks when compared to the corresponding expression rates observed immediately after a single 3-h exposure (Table II) . Since all genes in this group are efficiently downregulated after 20-h recovery, regardless of whether there was a single 3-h exposure or repeated exposures over 3 weeks, this effect strongly points to an adaptive response, which, in mechanistic terms, may be caused by a steadily decreasing sensitivity of Nrf2 to become activated by CS-dependent stressors over prolonged exposure periods. Consequently, this effect may gradually compromise the ability of the respiratory tract cells to adequately respond to CS-dependent (oxidative) stress during chronic exposure, and may therefore be critically involved in CS-dependent carcinogenesis or other diseases. Alternatively, this effect may be explained by an acute strong up-regulation of these genes followed by an intermediate level of up-regulation high enough to maintain a steady-state level of defence.
Finally, when the oxidative stress response observed in the current in vivo study is compared with the corresponding data from the previous in vitro study (10) , it seems that only a small subset of stress-responsive genes were detected in both studies. However, this is mainly due to the fact that the DNA chip used in the in vitro study was configured with a considerably smaller number of genes (i.e. several probes were missing, such as those for gcs, nqo1, and ugts). In fact, both studies clearly show that CS-treatment triggers a strong (oxidative) stress response, presumptively because of the efficient activation of the transcription factor Nrf2 both in vitro and in vivo. This is exemplified by the strong up-regulation of ho-1 in both studies, which is mostly lost by the expression of a dominant-negative mutant of Nrf2 in vitro (S. Gebel and T.Müller in preparation) and by the efficient replenishment of GSH in vitro (9) , which requires the expression of the Nrf2-regulated gene gcs. On the other hand, the lack of expression of MTI/II and HSPs in vivo may be caused by kinetic specificities inherent to the expression of these particular genes, which in the in vitro study were all found to become upregulated only after 4 h of exposure (10) . Other explanations for this apparent discrepancy may be that the CS dose and/or the duration used in the subchronic study was not sufficient to induce these genes in vivo, or that the inducing effect in a few cell types may not be recognisable in a whole tissue homogenate.
Effects of CS inhalation on the expression of genes encoding Phase I drug metabolising enzymes
The inducibility of Phase I-related genes in the respiratory tract by CS, especially those encoding cytochrome P450 isozymes, has been described extensively (42) . One major route suggested for CS-induced lung cancer is the CYP1A1-dependent activation of CS-related polycyclic aromatic hydrocarbons (PAHs), especially benzo[a]pyrene (B[a]P), to biologically reactive intermediates, which by interfering with crucial loci on the DNA could finally result in cancer-initiating mutations (e.g., ref. (43)). Potential crucial target genes include p53 and ras, for which distinct mutational signatures have been described upon interference with benzo[a]pyrene diol epoxide, the CYP1A1-activated derivative of B[a]P (for review, see (38, 44) ). cyp1a1 itself is highly inducible by a broad spectrum of xenobiotics, mostly substrates of the CYP1A1 enzyme, which bind to and thus activate the aryl hydrocarbon (Ah) receptor, the most prominent transcription factor of Phase I-related genes (for review, see (45) ).
As could be expected from previous studies in vivo (for review, see (42) and ref. cit. therein), cyp1a1 was also found to be transcriptionally activated by CS inhalation in the present study. In fact, the induction rates detected for this gene were the highest observed in all tissues when RNA sampling was performed immediately after CS exposure (no recovery period). Within this group, the lungs of rats repeatedly exposed for 3 weeks showed a 176-fold induction of cyp1a1, the highest induction rate observed for any gene during the study (Table  III) . However, similar high expression rates were also observed in the RNE of exposed rats, showing that, unlike Phase II-related genes, cyp1a1 expression as well as the expression of the other Phase I-related gene found to be activated in this study, i.e., aldh3 (see below), is obviously not subject to a deposition gradient of active CS constituents. Instead, these findings clearly indicate that, in comparison to Phase II-related genes, the Phase I response is mediated by a different mechanism of activation and, consequently, by different CS-related compound(s). This interpretation of the data is further corroborated by the finding that, in contrast to the CS-dependent regulation of Phase II-related genes, no indication for an adaptive response is discernable within the group of Phase I up-regulated genes as indicated by the following observations: In RNE, induction factors for cyp1a1 and aldh3 were almost in the same range, independent of whether the rats were exposed once or for 3 weeks, while a 2 to 3-fold increase in the expression rates of these genes was seen in the lungs of rats exposed for 3 weeks in comparison to a single 3-h exposure (Table III, Figure 4 ).
The data reported here for CS-dependent cyp1a1 expression agree almost completely with previous investigations reported by Wardlaw et al. (46) . These authors reported strong activation of CYP1A1 on the protein level in various tissues including those of the respiratory tract using immunodetection methods in F344 rats exposed to CS for similar periods of time as in this study. In particular, CYP1A1 was found to be induced in the nasal respiratory and olfactory epithelia and the lungs of exposed rats as assessed by Western analysis. To the surprise of Wardlaw et al. (46) , the enzyme activity often used to assess CYP1A1 function, i.e., ethoxyresorufin O-deethylase (EROD) activity, was induced in the lungs but was repressed in the nasal epithelia. The repression is consistent with a lack of a remarkable inducibility of B[a]P metabolism in the nasal respiratory and olfactory epithelia compared to lung tissue (47) . In addition, further data reported by Wardlaw et al. (46) are consistent with the expression rates of other cyp genes detected in the present study since only minor effects of CS inhalation were observed by these authors in tissues of the respiratory tract on CYP1A2 activity while the activity of CYP2B1/2 (see below) was decreased.
As mentioned above, PAHs, especially B[a]P, are believed to play a role in the CSdependent expression of cyp1a1, cyp1a2 and possibly cyp2e1 (for review, see (48) ). This interpretation is supported by the observation that only the TPM fraction of CS harbours this induction potential in rats and mice (49, 50) ; a potential which can be mimicked by administering individual PAHs to laboratory rodents (51) .
Apart from the paramount up-regulation of cyp1a1 in all tissues of the respiratory tract, it is worth noting that genes encoding other isoforms of cytochrome P450 drug-metabolising enzymes are not responsive or are much less responsive to CS. Out of 31 probes corresponding to individual cyp genes (including those coding for enzymes involved in endogenous substrate metabolism), only the expression of cyp1b1 and cyp2b1/2 was also found to be differentially regulated by CS inhalation (see Table III and 'supplementary data'). Up-regulation of cyp1b1 was clearly detectable in RNE, though not to the same extent as seen for cyp1a1, independent of whether the rats were exposed once or repeatedly over 3 weeks (Table III) . Like cyp1a1, cyp1b1 is also controlled by the Ah-receptor, while its expression is subject to strict tissue-specific regulation (52) . In this context, it is notable that cyp1b1 was only induced in the RNE of CS-exposed rats while it was almost completely silent in the other 2 tissues analysed (Table III) . In fact, to our knowledge, this is the first report linking cyp1b1 expression in RNE to CS-exposure. While the meaning of this tissue specificity remains to be elucidated, recent investigations have revealed that CYP1B1 is responsible for the activation of 7,12-dimethylbenz[a]anthracene (53) .
In contrast to cyp1a1, cyp2b1/2 was found to be down-regulated ~5-fold in the RNE of rats exposed once for 3 h and 2-fold in the same tissue of rats exposed repeatedly for 3 weeks (Table III) . In fact, a repression of pulmonary CYP2B1/2 has frequently been reported under conditions which lead to the induction of CYP1A1. As mentioned above, Wardlaw et al. (46) reported a decrease of CYP2B1/2 protein in the lungs and in the respiratory and olfactory epithelium of the nose by CS inhalation. Likewise, the model enzyme activity of pentoxyresorufin depentylase (PROD) was reduced. In our study, repression of cyp2b1/2 was confined to the RNE, although the cyp1a1-inducing effect was similar in the nose and in the lungs (Table III) . In rats exposed to smoke concentrations of up to 250 µg TPM/l, PROD in lungs was decreased while EROD and CYP1A1 were induced (54). Currently we are not able to explain this discrepancy. However, in this context it is notable that Foy et al. (55) suggested that B[a]P, after metabolic activation by CYP1A1, would be detoxified by CYP2B1. Accordingly, the ratio of CYP1A1 over CYP2B1 would serve as a surrogate for a measure of toxification versus detoxification of B[a]P in a given tissue.
Among the family of cyp-related genes, the lack of cyp2e1 expression in the present study seems especially noteworthy, in particular because of the very effective induction of this gene by CS inhalation in NMRI mice (56) (57) (58) . During these latter studies, the induction of cyp2e1 was remarkably more pronounced than the comparatively weak induction of cyp1a1. This is in contrast to the observation in A/J mice chronically exposed to cigarette sidestream smoke, where pulmonary CYP1A1 was induced (in capillary endothelial cells) but no effect was seen on 2E1 (59) . Rat pulmonary CYP2E1-dependent enzyme activity was shown to be inducible by inhalation of CS constituents, i.e., styrene alone or in combination with ethylmethylketone (60) . Acute acetone administration induced cyp2e1 mRNA and protein in nasal tissues and the lungs (61) . However, in rats exposed at smoke concentrations of up to 250 µg TPM/l, no induction of the CYP2E1-dependent p-nitrophenol hydroxylation was seen (54) . Since Villard et al. (56) (57) (58) give no indications on the dosing, a possible explanation for the missing cyp2e1 expression as observed in the present study may be that, at these smoke concentrations, neither an acute nor a 3-week subchronic exposure are sufficient for the effective induction of this gene in tissues of the rat respiratory tract. On the other hand, simple species and strain differences controlling the pulmonary transcription of cyp2e1 or different morphological changes upon prolonged exposure to CS may also be responsible to a certain degree for the different outcomes. Nevertheless, the fate of respiratory tract CYP2E1 with CS inhalation is rather important, because a number of small, unsaturated hydrocarbons, such as 1,3-butadiene (62) and benzene (63) , which are classified as human or animal carcinogens, can be activated by CYP2E1 at low concentrations. There are no data available on the potential induction of cyp2e1 transcription in the lungs of human smokers.
To our knowledge, this is the first report of CS inhalation-dependent up-regulation of aldh3 in tissues of the respiratory tract. Although not induced to the same extent as cyp1a1, the pattern of aldh3 expression parallels that observed for cyp1a1 in both tissues (Figure 4) , indicating a similar mechanism of transcriptional activation. In fact, aldh3 expression is induced by xenobiotics via activation of the Ah-receptor in tissues which do not constitutively express this gene (for review, see (64)). In the context of CS exposure, it is notable that experiments in vitro showed that aldh3 becomes induced by the polyphenol catechol (65) as well as that ALDH3 is critically involved in the detoxification of aldehydes derived from lipid peroxides (66) .
As is the case for almost all other genes found to be differentially regulated by CS inhalation, the Phase I-related genes returned to normal expression levels when the rats were allowed to recover for 20 h (Table III) . This is another striking indication that even after repeated exposures over 3 weeks, a period of 20 h is sufficient to clear exposed tissues also from CSdependent constituents potentially able to activate Phase I-related genes.
Repressed genes
In addition to the repression of cyp2b1/2 in the RNE of CS-exposed rats discussed above, 3 more genes, i.e., relm, kc/scyb1 and D-site-binding protein (dbp), become considerably repressed in RNE by CS inhalation. Strikingly, relm, which was characterised during these investigations as a novel member of the "resistin-like molecule"/"found in inflammatory zone" family of proteins (RELM/FIZZ) (12) , is the only gene that was found to be significantly differentially regulated after 20 h of recovery (Table IV) . In fact, the repression of relm observed directly after exposure was even enforced ~4-fold after 20 h recovery, independent of whether the rats were exposed once or repeatedly for 3 weeks. Although relm is closely related to relm/fizz1, these 2 genes are clearly expressed in a highly tissue-and speciesspecific context (12) . For example, in the rat relm is maximally expressed in haemotopoietic tissues suggesting a cytokine-like role for RELM, while relm/fizz1 is found mainly in lung and white adipose tissue of mice. Nevertheless, based on the high homology of these 2 genes, it can be speculated that their proteins are related in function, at least to some extent. Therefore, since relm /fizz1 has been shown to become markedly expressed during pulmonary inflammation (11) , the strict repression of relm in the nasal tissue of CS-exposed rats, which increases strongly during smoke-free periods, may point to an anti-inflammatory response in the RNE of CS-exposed rats. This interpretation is supported by a 4-fold repression of kc/scyb1, a putative functional homologue of human IL-8 (67) , in the same tissue after 3 weeks, whereas kc/scyb1 was found to be up-regulated more than 4-fold in the lungs of rats exposed over 3 weeks and thus may indicate the beginning of a proinflammatory reaction in this tissue (Table IV) .
Finally, repression of dbp was observed only in RNE from CS-exposed rats (Table IV) . This gene encodes a member of the proline-and acid-rich domain subfamily of basic/leucine zipper proteins, which are involved in transcriptional regulation in the liver (68) . Since expression of DBP is confined to the adult liver, although DBP mRNA is ubiquitously expressed indicating a post-transcriptional regulatory mechanism, the meaning, if any, of its transcriptional repression in the RNE of CS-exposed rats remains obscure.
Conclusions
Using microarray techniques we have evaluated differential gene expression in tissues of the respiratory tract of rats exposed to CS either once for 3 h or repeatedly over 3 weeks, with and without a recovery period of 20 h. As could be expected, CS inhalation induced the expression of oxidative stress-and Phase II-responsive genes as well as the expression of Phase I-related genes. Almost all changes in gene expression returned to normal after 20 h in a CS-free environment. Some genes not previously linked to CS-inhalation, such as aldh3, were found to be up-regulated, while others, such as cyp1b1, were found to be regulated in a striking tissue-specific context. With regard to the induction of oxidative stress-and Phase IIresponsive genes, the detection of a potential deposition gradient of active CS constituent(s), which is formed during each single exposure, as well as the phenomenon of an adaptive response are especially intriguing. Further studies will focus on the corroboration of the current findings in a dose-response study, the identification of potential CS-related inducers and on the question of whether the decreasing inducibility of these genes after repeated CS exposure is critically involved in CS-dependent carcinogenesis. As the former issue refers mainly to the expression of genes controlled, at least in part, by the transcription factor Nrf2, these studies may be performed in vitro, since, as discussed above, a similar broad expression of potentially Nrf2-regulated genes is expected to occur in CS-exposed cultured fibroblasts. Regarding the impact of an obvious adaptive response to CS-induced carcinogenesis, a longer subchronic inhalation study with intermediate dissections using a cDNA microarray that covers a broader spectrum of cancer-related genes is being investigated to monitor the gradual impairment of the oxidative stress/Phase II response versus the appearance of pre-cancerous lesions. This approach will also address the striking issue of the apparent reversibility of expression changes during the recovery period, even after 3 weeks of repeated exposures. In addition, the impact of inflammatory events on the gene expression pattern of target cells is being investigated, a first sign of which could be indicated by the slight up-regulation of kc/scyb1 in the lungs of rats repeatedly exposed to CS for 3 weeks. Finally, since no deposition gradient was detected for the expression of Phase I-related genes, the question of whether these genes are in fact exclusively induced by PAHs, which are part of the TPM fraction and therefore expected to be deposited as a gradient from the upper to the lower respiratory tract, needs to be re-addressed. Section of a 2-dimensional cluster analysis over 2 different tissues under 4 different sets of exposure conditions using genes with a 2-fold difference in expression in at least 1 of the 8 samples. red = increased expression, green = repressed expression, black = unaltered gene expression, grey = no signal detection. 
